Functional near-infrared spectroscopy (fNIRS) is recently utilized as a new approach to assess restingstate functional connectivity (RSFC) in the human brain. For any new technique or new methodology, it is necessary to be able to replicate similar experiments using different instruments in order to establish its liability and reproducibility. We apply two different diffuse optical tomographic (DOT) systems (i.e., DYNOT and CW5), with various probe arrangements to evaluate RSFC in the sensorimotor cortex by utilizing a previously published experimental protocol and seed-based correlation analysis. Our results exhibit similar spatial patterns and strengths in RSFC between the bilateral motor cortexes. The consistent observations are obtained from both DYNOT and CW5 systems, and are also in good agreement with the previous fNIRS study. Overall, we demonstrate that the fNIRS-based RSFC is reproducible by various DOT imaging systems among different research groups, enhancing the confidence of neuroscience researchers and clinicians to utilize fNIRS for future applications. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Resting-state functional connectivity (RSFC) has been widely carried out in human brain studies using functional magnetic resonance imaging (fMRI). The fMRI-based RSFC can be defined as the spatiotemporal synchrony or correlation of hemodynamic activities between the distinct brain regions of cerebral cortex. 1 Several research groups have reported that there exists spontaneous low-frequency fluctuation (sLFF <0.08 Hz) in the human brain at the resting state, and this sLFF can be used to measure or identify the functional connectivity among different brain regions. [2] [3] [4] [5] [6] Specifically, the sLFF is believed to be a reflection of spontaneous neuronal activity in these brain regions. 2, 4, 7 Some researchers even consider that the brain activity at the resting state may be at least as important as the activity evoked by tasks. 8 Because no task is needed during the measurement, the study protocol becomes much simpler and easier as compared to the conventional fMRI. Thus, the ability to determine RSFC in the human brain is very appealing because it may lead to a useful research and clinical tool for investigating neurological or psychiatric diseases, such as schizophrenia and the Alzheimer. [9] [10] [11] [12] [13] [14] Recently, researchers using functional near-infrared (NIR) spectroscopy (fNIRS) have also exhibited their interests in fNIRS-based, RSFC measurements. It is well known that fNIRS can detect hemodynamic changes on the cerebral cortex induced by neural activations. NIR light (600-900 nm) emitted from light sources can penetrate through the scalp and skull and then reach cerebral cortex tissue. 15 The reflected photons from the cortex can be detected and quantified by the detectors placed on the surface of scalp, a few centimeters away from the sources. In tissue, NIR light is mainly absorbed by oxygenated hemoglobin (HbO 2 ) and deoxygenated (HbR) hemoglobin. These two chromophores have distinct absorption spectra in the NIR range; thus, the change of HbO 2 and HbR concentration in the cerebral cortex derived from neuronal activation can be quantified using two or more wavelengths. [15] [16] [17] [18] Compared to fMRI, fNIRS can provide different hemodynamic contrasts: HbO 2 , HbR, and HbT. HbT is defined as the sum of HbO 2 and HbR. The comprehensive contrast information can provide more detailed information on physiological or neurologican rhythms, thus giving better understanding on the nature of hemodynamic responses to neuronal activations. Being compact, easy to implement, and able to have a high temporal resolution, fNIRS has a good potential to become a research and clinical tool for human brain investigations, especially for cases involving infants, children, and patients who are unsuitable to perform fMRI studies or with severe movement disorder. 18, 19 Recently, two research groups have evaluated fNIRS-based, RSFC in the human brain: one used a high-density, diffuse optical tomographic (DOT) system, 20 and the other utilized a diffuse optical topography system, respectively. [21] [22] [23] These experimental results together reported that fNIRS can detect the interhemisphere temporal correlation on the bilateral motor cortex, visual cortex, and auditory cortex, demonstrating the validity of fNIRS on assessing RSFC. However, to develop a new technology or methodology, it is necessary to establish its liability and repeatability by further performing similar experiments to rigorously support the initial findings. Therefore, in this study, we repeated a previous protocol 22 to investigate fNIRS-based RSFC on the bilateral motor cortexes using two separate DOT systems combined with distinct probe arrays. We expected to achieve a consistent conclusion drawn from our two DOT systems and from the published studies. 22 Specifically, this paper includes the following sections: a wellestablished finger movement paradigm is introduced to determine the seed regions on the bilateral sensorimotor cortexes; then an fNIRS-based RSFC map is generated by computing the Pearson's correlation coefficients between the seed time series and time courses of other pixels in the imaging fields; finally, the group-level t-map is achieved by using a random-effect model. This work is expected to strongly demonstrate the validity and reproducibility of fNIRS-based RSFC assessment.
Methods 2.1 Protocol
Healthy adult subjects (ages 18-35 years) were recruited in this study. Data from nine and eight subjects were respectively recorded using two different continuous-wave (cw), nearinfrared DOT systems: one was DYNOT (NIRx Medical Technologies, LLC, NY, USA), and the other was CW5 (TechEn, Milford, MA, USA). Two subjects were measured with both DYNOT and CW5 in two different days, and the other subjects were recorded by either DYNOT or CW5. Written informed consents were obtained from all the subjects, and the study protocol was approved by the University of Texas at Arlington Institutional Review Board.
The protocol utilized in this study consisted of two sessions. The first one was a 10-min resting state, followed by a 6-min, left and right finger-movement task, which was used to localize the bilateral motor regions on the cortex. After session 1, the subject was asked to have a short break and then to begin session 2, which consisted of seven task blocks and eight rest blocks. The length of each block was randomized between 20 and 28 s, but the lengths of each task block plus the following rest block were equal. During the whole experiment, the subjects were asked to sit comfortably and remain motionless as much as possible. Each subject was required to practice the finger-movement task for several minutes before the experiment so that the subject could understand the experimental instructions and correctly performed the given task.
NIRS Data Collection
The actual images of DYNOT and CW5 imaging systems are shown in Figs. 1(a) and 1(b), respectively. These two systems can perform multiwavelength, continuous wave, DOT measurements. The wavelengths used to calculate hemoglobin concentration changes were 760 and 830 nm for DYNOT, 690 and 830 nm for CW5. In the former system, the sensor array consisted of 32 bifurcated source-detector probes with a nearest interoptode distance of 1.9 cm, forming a total measurement area of 25×7 cm 2 on the scalp [ Fig. 1(c) ]. In order to obtain a sufficient signal-to-noise ratio (SNR), we chose only 65 measurement channels with the first two nearest-source-detector pairs. Note that one source-detector pair was considered one channel. In the case of CW5, the probe array consisted of 10 laser fibers and 16 receivers with a nearest-source-detector distance of 3 cm [ Fig. 1(d) ], covering a measurement area of 24×6 cm 2 on the scalp with a total of 32 measurements.
In order to place the probe array on the bilateral sensorimotor cortex accurately so as to allow for group analysis across subjects, the array was positioned according to the international 10-20 system used in electroencephalography. 24 Thus, the black circle point [see Figs. 1(c) and 1(d)] in the center of each probe array, was placed on the vertex (Cz) of the subject's head. In order to reduce light absorption by hair and obtain enough optical signals, we manually moved away the hair under the probes using a comb during probe placement.
Functional Near-Infrared Spectroscopy
Data Processing fNIRS data were processed and analyzed using channelwise assessment; the channels with significant motion artifacts and loose contacts between probes and scalp were excluded before data processing. After that, bandpass filtering was applied to remove high-frequency instrument noise and low-frequency baseline drift. For the finger-movement task, bandpass frequencies were between 0.01 and 0.2 Hz; for the resting-state session, the bandpass frequencies were between 0.009 and 0.08 Hz to guarantee the filtered signals to be in the range of sLFF. For finger-movement data, block averaging was performed on all channels in order to maximize the SNR.
Resting-State Functional Connectivity Analysis

Selection of seed regions based on the finger-movement task
The activated regions induced by the finger-movement task were considered as seed regions on the bilateral motor cortex. To obtain an activation image, we generated the light-sensitivity matrix based on the probe arrangement and a semi-infinite diffusion model for image reconstruction. 17, 25 Solving the inverse matrix allowed us to quantify the task-induced absorption changes in spatial distribution at each wavelength. Then, the concentration changes of HbO 2 and HbR were obtained using modified Beer-Lambert's law 26, 27 (i.e., the proportional relation between the chromophore concentrations and absorption coefficients of the tissue). Changes in HbT were further obtained by summing changes of HbO 2 and HbR. Thus, three activation maps of HbO 2 , HbR, and HbT were acquired with each DOT imager from each subject.
To determine which regions were significantly activated by the finger-movement task at the group level (p < 0.05), we utilized the one-sample t-test to analyze the pixelwise changes of HbO 2 , HbR, and HbT. This could produce group-level activation t-maps of three respective hemoglobin concentrations. Because HbO 2 signals often had the best SNRs as compared to HbR and HbT, only HbO 2 task-induced activation t-map was utilized in this work and is shown in Fig. 2. Within Fig. 2 , we selected and labeled two activation regions bilaterally (with an average size of ∼1.5×3 cm 2 ), one on the left and one on the right, as seed regions that were to be referenced during correlation analysis as so to determine RSFC in the bilateral sensorimotor areas.
Correlation analysis in resting state
For the resting-state time series, the correlation analysis was performed separately based on the left and right seed regions. After averaging across all the pixels within each seed region (∼1.5×3 cm 2 ), we obtained the corresponding time course from the seed region. Then, Pearson's correlation coefficients were calculated between the time courses from the seed region and from each of the other pixels outside the seed region but within the field of view of the probe array. This yielded a spatial correlation map in which each value of the pixels represented the temporal correlation strength between the seed region and each of the other pixels. Then, each correlation value was transformed to zvalue using the Fisher's z transformation 28 (i.e., z = 0.5 × log [(1 + r)/(1r)]) to achieve the normal distribution. For group-level analysis based on each of the two seed regions, a one-sample t-test was produced using pixelwise z-values to statistically infer the regions showing significant functional connectivity. In this way, we produced two RSFC (i.e., resting-state functional con- nectivity) maps, one from the left seed region and another from the right, having a p threshold of 0.01 with a false discovery rate (FDR) correction. 29 In this part of the study, we investigated all three hemodynamic contrasts for RSFC.
In order to visualize temporal synchronization between the left and right seed regions during the activation-free resting state, we extracted several resting-state time courses from bilateral seed regions of a subject. In addition, a time course from the central region [as marked by the dashed rectangle in the center of Figs. 2(a) and 2(b)] was also selected for comparison. Figure 3 (a) presents resting-state low-frequency fluctuation (LFF) from the three chosen regions (left seed region, right mirror region, and the center region) taken from DYNOT; Fig. 3(b) shows similar patterns from corresponding regions measured by CW5. The data were taken from a nonspecific subject to show an example. Both Figs. 3(a) and 3(b) reveal that the LFF signals from both seed regions have much stronger synchronized fluctuations and more comparable maximum peaks, as compared to the signals from the central regions.
Results
The group-level RSFC assessments that were obtained from DYNOT and CW5 are displayed in Figs. 4 and 5, respectively,   Fig. 4 Group-level RSFC t-maps (p < 0.01, FDR corrected) obtained from DYNOT system. The t-maps of three hemodynamic contrasts (HbO 2 , HbR, and HbT) are separately represented. The seed-region is individually represented by the rectangle when either the left or right seed-region is used as the correlation reference. after individually utilizing either the left or right seed region as the correlation reference. In Figs. 4 and 5, each row corresponds in sequence to the RSFC maps of HbO 2 , HbR, and HbT. The color bar represents the statistical t-value; the bright yellow color means significant functional connectivity between the seed region and other pixels in the imaging field (p < 0.01, FDR corrected). Figures 4 and 5 clearly show that each seed region has significant correlation with the surrounding area and with the contralateral mirror regions, but has no or low significant correlation with the central pixels. This observation holds regardless of which side of seed (i.e., left seed or right seed) region was chosen as the correlation reference to determine the RSFC maps. Furthermore, strong connectivity strength between the left and right sensorimotor cortexes remains similar across all three hemodynamic contrasts (p = 0.01) (i.e., HbO 2 , HbR, and HbT). These consistent conclusions are also found across the results drawn from DYNOT and CW5, unambiguously demonstrating that the fNIRS-based RSFC is repeatable by various DOT imaging systems and that fNIRS is a feasible and liable technique on assessing RSFC.
We also analyze RSFC maps obtained from both DYNOT and CW5 at the individual-level. The data were collected from a subject who participated in the measurements by both DYNOT and CW5. The results shown in Fig. 6 illustrate interhemisphere correlation between the bilateral motor cortexes from each of the DOT systems. It is also seen that the DYNOT-based RSFC is less homogenous and less consistent across the bilateral motor regions as compared to CW5-based results. We attributed these imperfect features to the loose contacts between the probes and scalp because of the rigidness and heaviness of probes inherent in the DYNOT system. Furthermore, dependence of RSFC evaluation on the time length of resting-state course is also investigated and illustrated in Fig. 7 , where Figs. 7(a) and 7(b) are the RSFC maps obtained from a short (150-s) and long (500-s) time course using the two separate seed regions, respectively, taken from a random subject using DYNOT. The results obviously reveal that the patterns and strengths of functional connectivity are consistent on the bilateral motor cortex across different time lengths, whereas a longer temporal course may lead to an improved spatial resolution in RSFC. Figure 7 may suggest that the length of the time course should be a little longer (∼7-8 min) if the spatial resolution is a concern; on the other hand, the time course can be shortened (∼2-3 min) if one wishes to see the overall pattern of RSFC.
Discussions and Conclusions
In this study, fNIRS-based RSFC on the sensorimotor cortex has been investigated and assessed using seed-based correlation analysis by two commonly and independently used DOT systems. The seed was firstly localized by a finger-movement task, and then the functional connectivity maps were generated using the seed-based correlation analysis. The experiment proves a high temporal synchronization and a strong functional connectivity between the bilateral motor cortexes during the nonstimulation or resting state.
In the experiments, although DYNOT and CW5 were two independent imaging systems and utilized different number of fiber probes with distinct probe arrangements to collect data, the analyzed results and RSFC maps were still quite similar and consistent between the both systems. Furthermore, these new observations are also in excellent agreement with the previous fNIRS-based report, 20, 21 effectively confirming that the fNIRSbased RSFC is reproducible on various DOT imaging systems, regardless of the reconstruction algorithms used, the connectivity assessment method employed, and measurement geometry as well as fiber-probe arrangement employed.
It is also noteworthy that the group-or individual-level RSFC maps could be derived from all three hemodynamic contrasts (i.e., HbO 2 , HbR, and HbT), using either the left or right seedregion as the correlation reference for bilateral motor areas. This is because the patterns and strengths of RSFC of these three contrasts are basically similar, regardless of the side of seed regions. However, we believe that the RSFC maps of HbO 2 and HbT present larger similarity in their connectivity pattern and spatial extension as compared to the HbR-based RSFC maps. Indeed, the latter ones shown in Figs. 4 and 5 appear to have a more heterogeneous connectivity pattern and less symmetric characteristic across bilateral motor cortex. This qualitative observation seems to agree with the recent report by Lu et al. 21 but not completely consistent with the results given by White et al. 20 Because our experimental protocols were very similar to those used by Lu et al., 21 it is expected that our study should arrive at the same conclusion as theirs. We may not have to be of coincidence with the observations shown by Ref. 20 due to the different experimental protocols. Presumably, further experimental designs with a larger subject pool are needed in order to determine which hemodynamic contrast should be optimally utilized for better assessment of fNIRS-based RSFC.
In conclusion, we have utilized two independent DOT systems (i.e., DYNOT and CW5) to evaluate fNIRS-based RSFC in the sensorimotor cortex by performing seed-based correlation analysis. Our results revealed consistent patterns of temporal synchronization and correlation strengths in RSFC between the bilateral motor cortexes. We have observed consistent results from both DYNOT and CW5 imaging systems; especially, our conclusions are also in good agreement with a previous reported study. 21 Overall, this paper demonstrates that the fNIRS-based RSFC is reproducible by various DOT imaging systems among different research groups, enhancing the confidence of neuroscience researchers and clinicians to utilize fNIRS for future applications.
